STUDY QUESTION: Which different pathways and functions are altered in rhesus monkey oocytes that fail to mature after an ovulatory stimulus?
Introduction
The United States Centers for Disease Control estimates that more than 12% of women aged 15-44 years have impaired fecundity, and that more than half of these are infertile (Chandra et al., 2013) . The incidence of unexplained infertility ranges from 15% to 30% of infertile couples (Gelbaya et al., 2014) . Male factors are the sole cause in~30% of these cases, indicating that female factors are common in unexplained infertility (Quaas and Dokras, 2008) . The most commonly cited female factors include ovulatory defects (e.g. polycystic ovary syndrome, diminished ovarian reserve and primary ovarian insufficiency), fallopian tube obstruction and uterine defects.
Recently, oocyte maturation defects have emerged as an additional cause of unexplained female infertility (Avrech et al., 1997; Levran et al., 2002) . Oocytes can arrest aberrantly with germinal vesicles (GV) intact or at the first meiotic division (metaphase I: MI), or may reach metaphase II (MII) but fail to activate upon insemination (Levran et al., 2002) ; the former two classes will also fail to activate when inseminated, as they are incompetent to respond, and if artificially activated following insemination without completing meiosis, will give rise to aneuploid embryos. GV intact immature oocytes arise somewhat rarely. Small numbers may be observed overall (4.4% of oocytes and 24% of patients undergoing ART) (Avrech et al., 1997) , with arrest at MI and MII being more prevalent among oocytes retrieved (Levran et al., 2002) . Complete failure of oocyte maturation is rare, but does arise in some patients (Levran et al., 2002; Chen et al., 2010) . Complete maturation failure can be accompanied by a fully normal karyotype (Chen et al., 2010) , but genetic abnormalities, such as Turner mosaicism, can also contribute to a high rate of failed oocyte maturation (Moore et al., 2008) . Accordingly, for some patients, failure in oocyte maturation creates severe infertility, while for most other patients failed maturation limits the numbers of oocytes available for ART. Thus, maturation defects contribute to the overall occurrence of unexplained infertility for patients with severe compromise, but may also reduce fecundity and assisted reproduction efficiencies in some other cases.
A better understanding of the molecular mechanisms and genetic factors that underlie normal and defective oocyte maturation could enhance early diagnosis and thereby prevent unproductive attempts to use routine ART methods to achieve pregnancy. Additionally, knowledge of the physiological or endocrine factors that predispose a fraction of the oocytes to be retrieved without successful maturation could indicate procedural modifications to reduce occurrence during ART. Multiple mechanisms can be postulated to inhibit oocyte maturation. For example, deficiencies in oocyte-intrinsic factors could be responsible. Alternatively, a deficiency in communication with supporting cumulus cells could compromise maturation ability. Finally, maternal health or physiology, or environmental factors could interfere with essential processes. And while specific factors essential for oocyte maturation have been identified, those factors may not be pertinent to oocyte maturation failure following an ovulatory stimulus. Moreover, it has not been determined to what degree failed-to-mature (FTM) oocytes progress down the pathway to maturation: essential information for devising appropriate experimental hypotheses for testing.
Oocytes that fail to undergo GV breakdown and/or meiotic progression following an ovulatory stimulus could acquire some of the gene expression features of oocytes that successfully mature, could remain like normal GV stage oocytes, could take on unusual characteristics unlike either stage, or could display a combination of these characteristics. A detailed transcriptome analysis may discriminate between these possibilities, and reveal specific target molecules and processes for mechanistic studies, enabling discovery of the causal mechanisms leading to oocyte maturation failure. Additionally, transcriptome analysis of FTM oocytes could uncover novel genetic markers useful for diagnosing potential genetic barriers to normal oocyte maturation that could guide patient care. Finally, use of an experimentally tractable animal model that closely resembles humans in such analyses would allow such mechanistic studies to be undertaken that cannot be pursued in humans. The rhesus monkey (Macaca mulatta) is ideal for this because it demonstrates highly similar reproductive physiology (length of menstrual cycle, ovulation time, monovulatory, corpus luteum formation) and other characteristics similar to humans (Schramm and Bavister, 1999; Chaffin and Vandevoort, 2013) . Experimental procedures in the monkey closely resemble clinical procedures in humans. There is also a high degree of genome similarity, and the rhesus monkey genome is well characterized.
We undertook a detailed transcriptome analysis of rhesus monkey FTM oocytes retrieved following ovulatory stimulation for standard IVF cycles. This is the largest study of its kind yet performed in this species. The results revealed numerous abnormalities in the FTM oocyte transcriptome. In addition, we show that although FTM oocytes undergo much of the normal maturation process, they manifest inadequate transcriptional regulation of mitochondrial functions, among other defects in biological processes and signaling pathways. The significance of these results to understanding and possibly preventing oocyte maturation failure, as well as improving the development of biomarkers for oocyte quality, is discussed.
Materials and Methods
Ovarian stimulation, oocyte retrieval and oocyte lysis Female adult rhesus macaques were housed at the California National Primate Center, as described (VandeVoort et al., 2015) . All experimental procedures for collecting oocytes and the handling of animals were conducted in accordance with the ethics guidelines established and approved by the Institutional Animal Use and Care Administrative Advisory Committee at the University of California-Davis, CA, USA. To ensure that the study captured differences between normal and abnormal oocyte maturation response following an ovulatory stimulus with an otherwise healthy endocrine profile (avoiding potential confounding endocrine effects) and eliminating age of females as a confounding variable, we used optimal breeding age (6-12 years old) females with normal menstrual cycles and a history of successful pregnancy.
We used a controlled ovarian stimulation protocol for the collection of oocytes. Rhesus macaques were observed daily for signs of menses. Within Day 1-4 of menses, all animals (n = 12) were administered an i.m. injection of recombinant human FSH (rhFSH; La Jolla Discount Pharmacy, La Jolla, CA, USA), 37.5 IU twice daily for a total of 7 days. On Day 8, a subset of animals (n = 2) was used for collection of GV oocytes and another subset of animals (n = 10) was administrated an i.m. injection of 1000 IU hCG (La Jolla Discount Pharmacy, La Jolla, CA, USA). On the day following the last injection, we used ultrasound-guided needle aspiration of follicles for the collection of oocytes according to established procedures (VandeVoort et al., 2015) . Oocytes and any attached cumulus cells were placed into drops of hamster embryo culture medium 9 (HECM-9) under oil (VandeVoort et al., 2011) and incubated at 5% CO 2 for 4-6 h prior to observation for maturation status for both normal GV and MII, and FTM oocytes. FTM oocytes retrieved after hCG either had an expanded cumulus and may or may not have undergone GV break down (GVBD) but no polar body was evident, or they displayed a tight ring of cumulus cells around them at recovery and had undergone GVBD. Although FTM oocytes were at various stages of meiotic progression, they all were meiotically incompetent, having failed to respond appropriately to an ovulatory stimulus in vivo. Analysis of these oocytes will thus inform about common transcriptome features associated with meiotic incompetence. Any oocytes from animals treated with hCG that had tight cumulus and intact GV were not used because they might have been inadvertently aspirated from secondary or small antral follicles while collecting the cohort from large follicles. Regardless of stage of maturation, all cumulus cells were removed by repeatedly pipetting oocytes with a narrow-gauge pipette that was just slightly larger than the oocytes, while observing oocytes with a stereomicroscope. In total, we collected seven samples (one oocyte each) of GV stage oocytes from two females, 11 samples (two to three oocytes each) of FTM oocytes from five females, and seven samples (two oocytes each) of MII stage oocytes from five females for RNA-sequencing (RNAseq) analyses. Between one and three oocytes were lysed for each sample in 20 μl of Pico Pure lysis buffer and heat treated at 42°C for 30 min prior to storage in −80°C.
Preparation and sequencing of libraries for RNAseq
All samples were processed for RNA extraction and RNAseq analysis. Using the PicoPure TM RNA Extraction kit (Life Technologies, Carlsbad, CA, USA), total RNA was isolated from each sample following the manufacturer protocol, including a DNAse digestion (RNase-Free DNase Set; Qiagen, Hilden, Germany) to remove any contaminating DNA. The production of cDNA libraries for sequencing began with processing 100 ng of each RNA sample with the Ovation RNA-Seq System v2 using Ribo-SPIA TM Technology (NuGen, San Carlos, CA, USA). After this initial processing, a Covaris-2 sonicator was used to mechanically fragment the cDNA to an average of 300 bp. This was then followed by a brief S1 nuclease digestion, as previously described (Head et al., 2011) . After bead purification, the cDNA was processed through the Ovation Ultralow DR Multiplex Systems 1-16 (NuGen) for end repair, adapter ligation and final library amplification. Using an Illumina HiSeq 4000 (Illumina, San Diego, CA, USA), barcoded libraries were pooled and sequenced in rapid run mode to generate 50 nucleotide unpaired end reads. Samples were loaded at 65% of optimal loading concentration, to enhance the effectiveness of the Illumina cluster identification algorithm, along with 10% of optimal loading concentration of PhiX DNA Control library (adapter-ligated library obtained from randomly sheared PhiX DNA; Illumina, San Diego, CA, USA) to increase initial read sequence complexity. The total numbers of PF (passed-filter) reads ranged from 18 M to 78 M (Supplementary Table S1 ). The fraction of Q30 bases ranged from 91.6% to 96.4% and average Q from 35.8 to 39.2 (Supplementary Table S1 ). All sequencing data will be made available at Gene Expression Omnibus (GSE112536: https://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE112536).
RNAseq data analysis and ingenuity pathway analysis
Reads were aligned using Hisat2 to the Ensembl rhesus monkey genome (Mmul build v8.1.0, genome annotation relase-91) (Zimin et al., 2014; Aken et al., 2017) . Mapped exonic read counts were generated utilizing featureCounts (Liao et al., 2014) . Reads aligning to ribosomal RNA (rRNA) or rRNA like genes were excluded. Successfully aligned nonrRNA exonic reads ranged from 6.8 M to 28.8 M. Differential expression calculations were conducted within the DESeq2 software package (Love et al., 2014) . All possible pairwise differential comparisons between the three groups were conducted: FTM/GV, FTM/MII and MII/GV. Genes with a q-value (P-value adjusted for multiple comparisons with a BenjaminiHochberg correction) below false discovery rate of 0.05 were considered significant and classified to be differentially expressed genes (DEGs). FTM maturation groups (Fig. 1 ) and the included genes were defined by filtering and comparing the main differential comparisons. Using DESeq2, gene expression levels were converted from raw read counts to normalized FPKM (fragment counts normalized per kilobase of feature length per million mapped fragments) (Trapnell et al., 2010 
Results
The goal of this study was to better understand oocyte maturation failure by identifying affected biological pathways and processes in primate oocytes that fail to mature following an ovulatory stimulus. Our approach was to use whole transcriptome RNAseq analysis to compare normal oocyte maturation to failed maturation, and thereby determine the extent to which FTM oocytes either completed or failed to complete changes associated with normal oocyte maturation, or deviated from that path ( Fig. 1 ). We obtained a high quality RNAseq dataset consisting of n = 7, n = 7 and n = 11 libraries for normal GV, normal MII and FTM oocytes, respectively. Total reads acquired were an average of 34 million for each GV samples, 41 million for each FTM sample and 59 million for each MII oocyte sample. Approximately 44% of the total reads were exonic reads that successfully aligned to the rhesus monkey genome as unique non-rRNA gene transcript sequences, providing very high depth of coverage (Supplementary Table S1 ). −log(P-value): The P-value, statistical overlap of DEG list and gene set for CP, BF and UR with applied '-log10' transform. Only values -log10(P)≥1.30 (equivalent to P ≤ 0.05) are shown in the table. c Z-score: z > 1.96 to be significantly activated or increased, and those with z< −1.96 to be significantly inhibited. d UR as defined from IPA. ↑ or ↓ preceding UR indicates that UR itself is significantly different between GV and MII.
Genes, functions and pathways comprising the normal maturational progression in mRNA expression during rhesus monkey oocyte maturation following an ovulatory stimulus To assess the degree to which FTM oocytes progress down the normal path of oocyte maturation it is necessary first to have a thorough understanding of the transcriptome changes that accompany normal maturation (NM). Comparison of GV and MII stage oocyte transcriptomes revealed that~12% of the transcriptome (1503 of 12 222 total mRNAs quantified) was significantly modulated during maturation, with 553 mRNAs displaying apparent increases in abundance (likely the result of either mRNA polyadenylation or greater stability relative to overall mRNA population stability) and 950 displaying decreases in abundance, indicative of degradation (category NM, Fig. 1 ; Supplementary Table S2 ). To elucidate the major biological pathways and processes affected by this transition, we performed IPA analysis (Supplementary  Tables S3-S5 ). The top activated BF categories with z-scores >1.96 were related to cell death and necrosis, and the top inhibited BFs (z ≤ −1.96) were related to cell cycle progression, cycling of centrosome, cell proliferation, and duplication of centrioles. A high z-score near the threshold of significance (z = 1.70) was seen for meiosis (Table I) . Additional BFs related to DNA repair, ubiquitination, apoptosis and cell movement and differentiation were significantly affected (P < 0.05) but lacked significant z-scores. Top affected CPs were related to protein ubiquitination, oxidative phosphorylation, multiple signaling pathways, nucleotide excision repair and mitochondrial function (Table I and  Supplementary Table S4) .
Upstream regulator analysis revealed massive changes in cellular regulation consistent with the large number of affected mRNAs, with >700 URs showing significant effects (P < 0.05). This included 18 URs with downstream pathways predicted to have increased activity and 15 URs predicted to have decreased activity (z-scores ± 1.96 or more). Prominent affected URs included rapamycin-insensitive companion of MTOR (RICTOR), lysine demethylase 5 A (KDM5A), insulin receptor (INSR) and peroxisome proliferator-activated receptor, gamma, coactivator 1 alpha (PPARGC1A). Twenty-five URs related to cell cycle, transcription, mitochondrial function, endoplasmic reticulum stress and antioxidant capacity were themselves differentially expressed at the mRNA level and showed significant changes in activity (P < 0.05) but not significant z-scores (Supplementary Table S5 ). A. Principle component (PC) analysis plots show sample relationships between GV, FTM and MII samples. There is a clear delineation between GV and MII oocytes with FTM falling in between the two. B-D. Frequency distributions of the log two-fold changes between comparisons are indicated. Note that the overall variance in mRNA expression patterns was no greater among FTM oocytes than GV or MII stage oocytes. B = GV to FTM; C = FTM to MII; D = GV to MII. All graphs were created in R package ggplot2.
Overall comparison of FTM oocytes to normal GV and MII stage oocytes FTM oocytes displayed 1413 mRNAs significantly different from normal GV oocytes and 293 mRNAs differing from normal MII oocytes (Supplementary Tables S6-S7 ). The lesser divergence from the MII pattern indicates that the transcriptome profile of FTM oocytes resembled the MII profile more than the GV profile. Principal component analyses ( Fig. 2A) and frequency distribution curves of DEGs (Fig. 2B-D) confirmed this, and further revealed that the overall variance in mRNA expression pattern was no greater among FTM oocytes than among GV or MII stage oocytes.
To determine what aspects of NM were correctly executed, partially executed, or lacking in FTM oocytes, we classified the 1503 GV-MII DEGs into categories A-E based on their expression in FTM oocytes compared to GV and MII oocytes (Figs 1,  3) . We also determined what mRNAs underwent aberrant modulation in FTM oocytes (categories F & G) . IPA analysis of these categories was then used to identify biological pathways and processes associated with these different categories in FTM oocytes.
Genes, functions and pathways with normal progression in FTM oocytes
We observed 704 mRNAs that underwent normal maturationassociated changes in abundance in the FTM oocytes (Category A, Fig. 1 ; Supplementary Table S8 ). IPA analysis of these genes revealed BFs and CPs that were modulated correctly in FTM oocytes, including two signaling pathways with significant activation (ataxia-telangiectasia mutated (ATM), Cell Cycle: G2/M DNA Damage Checkpoint Regulation Signaling) and one with significant inhibition (Cyclins and Cell Cycle Regulation), and known to play important roles in oocyte maturation (| z|-score > 1.96). Additional signaling pathways for category A mRNAs were related to inflammation, metabolism and multiple signaling pathways with known roles in oocytes (Table II ; P < 0.05). BFs associated with category A mRNAs included cell movement, cell death, cycling of centrosome, cell cycle progression, repair of DNA, cell trafficking and microtubule dynamics. Overall, 55 of the 107 CPs and 132 of 330 BFs associated with NM were modulated correctly in FTM oocytes (Table I,  Supplementary Tables S9, S10 ). Similarly, 348 of the 731 URs significantly associated with NM (48%) were associated with category A genes ( Table I; Supplementary Table S11 ). Eight of 26 URs with significant zscores returned by analysis of the category A genes also had significant z-scores in the same direction as seen for NM. Collectively, the IPA analysis of BFs, CPs and URs for category A genes indicates considerable overlap with results from the NM set.
Genes, functions and pathways displaying partial progression in FTM oocytes
There were 658 category B mRNAs displaying partial modulations in abundance in FTM oocytes (Fig. 1 , Table III, Supplementary Table S12) , representing 42% of the mRNAs undergoing modulation during NM. IPA analyses identified 229 BFs associated with these partially modulated genes (Supplementary Table S13) , including aneuploidy and cell death of fibroblast cell lines, duplication of centriole, ubiquitination, cell cycle progression and DNA fragmentation (Table IV) . Eighty-five of category B significant BFs were shared with the list of 264 category NM gene BFs (Supplementary Table S3 ). These effects on BFs were accompanied by significant associations with CPs important for regulation of oocyte maturation and cell proliferation (Table IV; Supplementary  Table S14 ). Other affected CPs associated with category B mRNAs included protein ubiquitination, nuclear factor, erythroid 2 like 2 (NRF2)-mediated oxidative stress response, oxidative phosphorylation, mitochondrial dysfunction, pentose phosphate pathway and inflammatory related signaling, which were also associated with NM (Supplementary Table S4 ). Upstream regulator analysis revealed over 350 affected URs associated with category B genes (Supplementary Table S15 , P < 0.05). These URs were related to metabolic processes, mitochondria function, inflammation, cell proliferation, cell cycle and ubiquitination, consistent with some of the effects we identified in both CP and BF analyses (Table IV ; Fig. 4 ). All the URs related to the above processes except cyclin dependent kinase inhibitor 2 A (CDKN2A) were associated with NM (Supplementary Table S5 ). These IPA results highlight aspects of NM changes that are likely compromised in FTM oocytes, including mitochondrial function and oxidative phosphorylation, protein metabolism (ubiquitination), pentose phosphate metabolism, DNA methylation and cell cycle (Fig. 4) . Table S16 ). These mRNAs were expressed at abundances not significantly different from GV oocytes, indicating they were not mRNAs that failed to accumulate, but rather ones that failed to initiate the change in abundance that accompanies NM. A large majority of these mRNAs are involved in oxidative phosphorylation, mitochondrial function, DNA methylation and transcription (Table V) . Some mRNAs (e.g. growth differentiation factor 9 (GDF9), RNA polymerase II subunit A (POLR2A), zygote arrest 1 (ZAR1) and a few mitochondrial related genes) appeared to be expressed outside of the normal range of GV or MII expression (Supplementary Table S16 ) but expression values were not significantly different from GV stage oocytes. IPA analysis revealed CPs for category C mRNAs that are important for oocyte function, including sirtuin signaling, oxidative phosphorylation, mitochondrial function, DNA repair, DNA methylation and transcription repression (Table VI,  Supplementary Table S17 ). Some of the DEGs contained in these signaling pathways were among the most highly expressed within category C genes, with roles in mitochondrial function and metabolism (Table V) . Affected BFs for category C mRNAs were related to apoptosis, cell proliferation, and fatty acid oxidation, were also associated with NM (Table VI, Supplementary Table S18 , and Fig. 4 ). IPA analysis revealed 148 URs associated with category C genes, 31 of which were also associated with NM (Supplementary Table S19 ). These URs were also associated with downstream effectors related to mitochondrial function and metabolism (Table VI, Supplementary Table S19 column H). Thus, the failure to regulate category C mRNAs reinforces many of the deficiencies seen with category B mRNAs, such as effects on mitochondrial function, oxidative metabolism and DNA methylation.
Comparison of mitochondrial function gene expression between NM and FTM oocytes
Changes in expression of genes related to mitochondrial function for category B and C genes was a prominent feature of FTM oocytes. To explore this in more detail, we assessed effects on such genes as a group (Table VII , genes extracted from categories A to C). This group includes genes that are involved in multiple mitochondrial functions including oxidative phosphorylation, fatty acid oxidation and sirtuin signaling. Many of the mRNAs encoding mitochondrial proteins showed changes in expression similar to NM (category A), and consisted primarily of ones related to ATP binding, transport, and synthesis, and mitochondrial ribosomal proteins. However, many other mitochondrial mRNAs were abnormally elevated in FTM oocytes (categories B and C), encoding components of mitochondrial complexes I, II and III, such as cytochrome C oxidase subunits and nicotinamide adenine dinucleotide (NADH) ubiquinone oxidase subunits. Superoxide dismutase 1 (SOD1) mRNA was also elevated in FTM oocytes compared to MII oocytes.
Aberrant changes in mRNA expression in FTM oocytes and associated functions and pathways (D, E, F, G)
Failure to mature was also accompanied by a small number of highly abnormal changes in mRNA expression. Category D mRNAs showed excessive change in the same direction as MII compared to GV oocytes, and category E genes were regulated opposite to their regulation during NM. Categories F and G are not normally modulated during maturation but are altered in FTM oocytes compared to GV oocytes. A total of just two annotated protein coding mRNAs (and one uncharacterized hypothetical protein coding mRNA) comprised categories D and E (Fig. 1, Supplementary Table S20 ). Forty-nine DEGs comprised categories F and G (Fig. 1, Supplementary Table S21 ). Of these 49 mRNAs, 12 showed increased abundances and 37 showed decreased abundances in FTMs relative to normal GV oocytes. Of the mRNAs identified within these aberrantly regulated gene category, notable mRNAs with increased expression in FTM oocytes relative to MII oocytes included large tumor suppressor kinase 1 (LATS1), desmoglein 2 (DSG2), and very low density lipoprotein receptor (VLDLR), and notable mRNAs with decreased expression in FTM oocytes included hydroxysteriod 11-beta dehydrogenase 2 (HSD11B2), transmembrane protein 138 (TMEM138), marker of proliferation Ki-67 (MKI67), DNA methyltransferase 1 (DNMT1), b-cell lymphoma 2 like 10 (BCL2L10), and retinoblastoma-binding protein 7 (RBBP7) ( Table VIII) . These genes are related to histone deacetylation, DNA methylation, genomic integrity and spindle formation, metabolism, and cell polarity, all of which could impact oocyte maturation. IPA analysis was performed on the combined mRNAs from sets F and G. Affected CPs included HIPPO signaling, dolichol and dolichyl phosphate biosynthesis (regulation of glycosylation), granzyme B signaling (initiates apoptosis), and valine degradation I (amino acid metabolism) (Table IX, Supplementary Table S22 ). Decreased activity of the CPs DNA methylation and transcriptional repression was associated with the F + G set. Analysis of affected biological functions for F + G similarly yielded results for dolichol metabolism, amino acid metabolism, DNA methylation, cell death, accumulation and transport of lipids and steroid metabolism, which besides cell death were not associated with NM (Table IX, Supplementary Table S23 , P < 0.05). Nine URs were shared between F + G and C. Interestingly there were 13 URs shared between NM and F + G gene, suggesting the potential importance of these URs to NM ( Notably, DNMT1 was a significantly downregulated mRNA among the F + G set, echoing the effects on DNA methylation seen for canonical pathway and biological function analyses for B, C and F + G.
Discussion
A failure in oocyte maturation could be attributable to a complete lack of response to an ovulatory stimulus, a defect in competence to undergo GVBD and resume meiotic progression, or specific deficiencies in cytoplasmic maturation or meiosis that block nuclear maturation and progression to second meiotic metaphase. Using whole transcriptome and pathway analysis in a nonhuman primate species that closely models human oogenesis, our results demonstrate that FTM oocytes do indeed fulfill a large portion (47%) of the normal maturation-associated changes in mRNA expression. However, FTM oocytes also manifest a large number of deficiencies in the regulation of many other mRNAs. Approximately 44% of the mRNAs that undergo changes in abundance during NM display partial modulations to intermediate abundances, and 9.2% fail to diverge significantly from GV stage oocytes. Additionally, a small group of mRNAs are grossly mis-regulated.
These results exclude the scenario in which FTM oocytes simply fail to respond to an ovulatory stimulus. The results also indicate that failure to mature is associated with a failure to correctly regulate mRNAs that support a diverse array of pathways and processes, and that deficiencies are evident in transcriptional control as well as mRNA turnover. These deficiencies may be markers of maturation incompetence, or may be primary deficiencies that inhibit correct cytoplasmic maturation, which in turn could be responsible for the block to nuclear maturation and/or successful re-entry into meiosis. Several striking features of FTM oocytes emerged in this analysis. First, the expression of DNMT1 mRNA is reduced and therefore DNA methylation activity is likewise projected to be diminished. Second, the expression of genes encoding mitochondrial proteins is broadly elevated, and there are projected disturbances in oxidative phosphorylation, and cellular redox state, associated with mitochondrial dysfunction. Further gene expression defects support the idea that mitochondria are not regulated correctly in FTM oocytes. This includes elevated expression of steroid receptor RNA activator (SRA) stem-loop interacting RNA binding protein (SLIRP), which in addition to inhibiting nuclear steroid receptor signaling also promotes intramitochondrial mRNA translation (Lagouge et al., 2015) . Additionally, we observed increased expression of mitochondrial complex I, cytochrome C oxidase and other electron transport genes in FTM oocytes, contrasting with reductions of these genes in NM, and indicating a a Category B is defined as those gene that are differentially expressed between GV and MII, and the expression of FTM is between GV and MII.
b −log(P-value): The P-value, statistical overlap of DEG list and gene set for canonical pathway, biological functions and UR with applied '−log10' transform. A -log(Pvalue) of 1.3 or higher is considered statistically significant at a P < 0.05. c UR as defined from IPA. ↑ or ↓ preceding UR indicates it is differentially expressed between FTM and GV, and itself is a member of category B.
widespread failure to correctly regulate mitochondrial function in FTM oocytes. Third, FTM oocytes manifest disturbances in fatty acid beta oxidation and lipid metabolism and lipid droplet clustering. Related to those lipid metabolic functions, increased expression of BSCL2, seipin lipid droplet biogenesis associated (BSCL2; lipid droplet formation) and acetyl-coa acyltransferase 1 (ACAA1; fatty acid beta oxidation) are observed. A mechanistic link between DNMT1, mitochondrial function, lipid metabolism and oocyte quality in oocytes was suggested recently in a study reporting that melatonin treatment of porcine oocytes led to enhanced DNMT1 gene expression, reduced mitochondrial gene expression, decreased reactive oxygen species and increased lipid accumulation (He et al., 2018) . Another study from that same group reported that upregulation of DNMT1 expression led to mitochondrial DNA hypermethylation and downregulation of mitochondrial DNA content (Jia et al., 2016) . In other cell types, DNMT1 deficiency is associated with deficient fatty acid beta oxidation and abnormal citrate metabolism (Himes et al., 2015) . Deficiencies in mitochondrial replication can occur in oocytes and other cells through suppression of nuclear encoded DNA polymerase gamma A (POLG) and other enzymes that promote mitochondrial DNA replication and repair El-Hattab et al., 2017) . Because these were not among affected genes showing reduced expression in FTM oocytes, defects in mitochondrial DNA repair would not be expected to contribute to the FTM phenotype. However, the effects observed here on DNMT1 expression, mitochondrial gene regulation, oxidative phosphorylation, lipid accumulation and beta oxidation may be mechanistically linked in a common pathway that can be disrupted in a fraction of oocytes, and could inhibit successful nuclear maturation and/or meiotic progression.
Other affected mRNAs impact diverse pathways including, but not limited to, cell cycle functions. Among partially modulated mRNAs, prominent affected pathways included cell cycle progression as well as aneuploidy, cell death, ubiquitination, metabolism and stress response pathways. Meiosis-related affected functions and pathways also include oocyte activation, arrest in oogenesis, and organization of mitotic spindle (protein kinase, DNA-activated, catalytic polypeptide (PRKDC), siah E3 ubiquitin protein ligase 1 (SIAH1)). One gene, RBBP7, was under-expressed in FTM oocytes, and this protein plays a key role in meiotic spindle formation (Balboula et al., 2014) . Additional severely affected mRNAs, which remained at the GV abundances and therefore failed entirely to be modulated normally, contribute to oocyte-specific functions such as zona pellucida formation (zona pellucida glycoprotein 3 (ZP3) mRNA elevated in FTM oocytes); alterations in zona pellucida protein secretion could also result from defects in dolichol phosphorylation, which was also highlighted among the F + G defects seen for genes with grossly abnormal regulation. Additionally, ZP3 is required for GVBD and may affect serine/threonine kinase (AKT), lamin and microfilament functions in oocytes (Gao et al., 2017) . Sustained high expression of ZP3 in FTM oocytes may indicate that not only is ZP3 required for GVBD, but that correct downregulation may also be important.
The Hippo signaling pathway also emerged as an affected pathway in analysis of the F + G highly aberrantly regulated gene group. This pathway plays a crucial role in regulating follicle growth, and decreasing Hippo signaling in conjunction with AKT activation can increase follicle growth (Kawamura et al., 2016) . Hippo signaling via mammalian ste20-like kinases 1/2 (MST1/2) ultimately leads to LATS1 phosphorylation, decreased YAP nuclear localization and inhibition of growth promoting (i.e. pro-folliculogenesis) genes. The LATS1 mRNA is aberrantly elevated in FTM oocytes compared to GV and MII stage oocytes; and LATS1 mRNA is a member of the category F genes. Thus, aberrant activation of the Hippo pathway may inhibit complete development of follicles giving rise to the FTM oocytes following an ovulatory stimulus. Our data provide additional insight into the potential downstream functions of DNA methylation in primate oogenesis. DNMT1 mRNA is reduced in FTM oocytes compared to both GV and MII stage oocytes. The deficiency of DNMT1 expression throughout oogenesis could lead to a failure to maintain suppression of a wide variety of genes. Indeed, many of the aberrantly over-expressed nuclear genes encoding mitochondrial proteins possess CpG islands near their promoters that can be regulated by DNA methylation. DNMT1 is widely regarded as a DNA maintenance methylase, but was recently reported to direct methylation of hemimethylated loci following de novo methylation by other DNA methylases (Shirane et al., 2013) . This provides an opportunity for DNMT1 deficiency to contribute to aberrant gene transcription in oocytes. The apparent link between DNMT1 expression, decreased mitochondrial activity and oxidative phosphorylation, modulation of other oocyte characteristics (He et al., 2018) , and the correct regulation of fatty acid beta oxidation (Dunning et al., 2014) provides heightened interest in understanding DNMT1 functions during oogenesis.
In contrast to DNMT1, the DNA methyltransferease 3 beta (DNMT3B) mRNA shows a modest 53% increase in relative abundance between GV and MII stages, but does not display this increase in FTM oocytes. The modest increase in apparent abundance most likely reflects some degree of DNMT3B mRNA stabilization during NM, but which is not occurring in FTM oocytes. DNMT3B is one of a much larger collection of 245 maternal mRNAs that are not correctly stabilized in FTM oocytes (553 from NM group shared with groups C or B). Further study of the mechanisms that underlie the failure to stabilize these mRNAs in FTM oocytes would provide new understanding of the critical process of correct and timely maternal mRNA regulation in mammalian oocytes.
Accordingly, this study of FTM oocytes has revealed key aspects of cytoplasmic maturation that contribute to the successful production of high quality MII stage oocytes, and provides a valuable model for the further study of determinants of oocyte quality. Continued insight into the acquisition of oocyte developmental competence. This is relevant to considering possible diagnostics markers of oocyte quality, as successful modulation of many mRNAs (e.g. group A genes) and their associated protein expression values need not signify fully normal cytoplasmic maturation and high oocyte quality. Even if GVBD occurs, these markers may not be fully indicative of high oocyte quality. Other features of oocyte cytoplasmic maturation revealed in our dataset may also need to be considered. For example, correct regulation of genes in groups B and C would be strong markers of more complete cytoplasmic maturation and their incorrect regulation would be indicative of poor quality. Additionally, aberrant regulation of group D, E, F and G genes may reflect compromised oocyte quality even if other genes display more normal expression values. These same principles could apply to the expression of corresponding proteins or associated metabolites. The large dataset of rhesus monkey FTM oocytes presented here provides a new and powerful reference dataset for assisting in the development of novel oocyte quality diagnostic tools.
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